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Abstract 30 
Background: Bone conduction (BC) is an alternative to air conduction to stimulate the 31 
inner ear. In general, the stimulation for BC occurs on a specific location directly on the 32 
skull bone or through the skin covering the skull bone. The stimulation propagates to the 33 
ipsilateral and contralateral cochlea, mainly via the skull bone and possibly via other 34 
skull contents. This study aims to investigate the wave propagation on the surface of the 35 
skull bone during BC stimulation at the forehead and at ipsilateral mastoid. 36 
Methods: Measurements were performed in five human cadaveric whole heads. The 37 
electro-magnetic transducer from a BCHA (bone conducting hearing aid), a Baha® 38 
Cordelle II transducer in particular, was attached to a percutaneously implanted screw 39 
or positioned with a 5-Newton steel headband at the mastoid and forehead. The Baha 40 
transducer was driven directly with single tone signals in the frequency range of 0.25 – 41 
8 kHz, while skull bone vibrations were measured at multiple points on the skull using a 42 
scanning laser Doppler vibrometer (SLDV) system and a 3D LDV system. The 3D 43 
velocity components, defined by the 3D LDV measurement coordinate system, have 44 
been transformed into tangent (in-plane) and normal (out-of-plane) components in a 45 
local intrinsic coordinate system at each measurement point, which is based on the 46 
cadaver head’s shape, estimated by the spatial locations of all measurement points. 47 
Results: Rigid-body-like motion was dominant at low frequencies below 1 kHz, and 48 
clear transverse traveling waves were observed at high frequencies above 2 kHz for 49 
both measurement systems. The surface waves propagation speeds were 50 
approximately 450 m/s at 8 kHz, corresponding trans-cranial time interval of 0.4 ms. 51 
The 3D velocity measurements confirmed the complex space and frequency dependent 52 
response of the cadaver heads indicated by the 1D data from the SLDV system.  53 
Comparison between the tangent and normal motion components, extracted by 54 
transforming the 3D velocity components into a local coordinate system, indicates that 55 
the normal component, with spatially varying phase, is dominant above 2 kHz, 56 
consistent with local bending vibration modes and traveling surface waves. 57 
Conclusion: Both SLDV and 3D LDV data indicate that sound transmission in the skull 58 
bone causes rigid-body-like motion at low frequencies whereas transverse deformations 59 
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and travelling waves were observed above 2 kHz, with propagation speeds of 60 
approximately of 450 m/s at 8 kHz. 61 
Keywords: bone conduction, 3D Laser Doppler Vibrometry, wave propagation, rigid 62 
body motion, transverse deformation, full-field measurements, human cadaver head 63 
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1 Introduction 64 
Bone conduction hearing aids (BCHAs) have become a widely used tools in 65 
hearing rehabilitation for patients with conductive or mixed hearing loss (i.e. ear atresia, 66 
or chronic inflammation with discharge) who cannot wear conventional hearing aids. 67 
Another indication for BCHAs is patients with single-sided deafness (SSD). The aim of 68 
BCHAs in this situation is to route sound from the deaf side to the hearing side. The 69 
efficacy of the sound propagation in BC hearing, from the BCHA to the target ear, 70 
depends of several important aspects. 71 
First, the propagation path of the sound energy could involve several possible 72 
pathways, through which sound reaches and stimulates the cochlea. Most authors 73 
agree that these pathways and their interactions depend on frequency and on the state 74 
of the middle ear ossicles (Stenfelt, 2006; Stenfelt and Goode, 2005 (a); Tonndorf, 75 
1966; Stenfelt, 2016). The following pathways have been identified: a) pathways 76 
involving bone vibration resulting in compression and expansion of the otic capsule 77 
(Stenfelt, 2014; Tonndorf, 1966; von Bekesy, 1960); b) sound radiated in the external 78 
auditory canal (Brummund et al., 2014; Stenfelt et al., 2003); c) inertia of the ossicles 79 
(Homma et al., 2010; Stenfelt, 2006; Stenfelt et al., 2002); d) inertia of the inner ear fluid 80 
(Kim et al., 2011; Stenfelt, 2014). e) non-osseous pathway including sound pressure 81 
transmission by the contents of the skull, such as brain tissue and cerebrospinal fluid 82 
via the internal auditory canal, cochlear aqueduct and/or vestibular aqueduct to the 83 
cochlea (Sohmer and Freeman, 2004; Sohmer et al., 2000; Sim et al. 2016; Röösli et al. 84 
2016).  85 
Second, the site of stimulation influences the perception. The closer the BCHA is 86 
placed to the cochlea, the more efficient the stimulation is (Eeg-Olofsson et al., 2011). 87 
For patients with SSD, stimulation occurs at the contralateral ear and sound propagates 88 
across the head, via one of the above-mentioned pathways, to finally stimulate the 89 
ipsilateral cochlea. The loss of sensitivity between ipsilateral and contralateral 90 
stimulation is called transcranial attenuation. Clinically, transcranial attenuation is 91 
important because it defines the amount of masking necessary for measuring monaural 92 
BC thresholds (Hood, 1960; Studebaker, 1964). However, it varies considerably 93 
between individuals ranging from 0 to 15dB between 0.25 to 4 kHz (Hurley and Berger, 94 
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1970; Snyder, 1973; Nolan and Lyon, 1981). Further, it has been shown that stimulation 95 
superior-anterior to the pinna is more efficient than behind the pinna even with the same 96 
distance from the cochlea (Dobrev et al., 2016; Ito et al, 2011). 97 
For patients with SSD, where sound from a BCHA mounted contralaterally have 98 
to stimulate the ipsilateral cochlea, four different mechanism of sound propagation are 99 
possible; waves a) tangential and b) normal to the skull bone surface, c) rigid body 100 
motion, and d) direct propagation through cerebrospinal fluid and brain tissue. 101 
Knowledge about how sound reaches the contralateral ear is important for patients with 102 
SSD using BCHA as the device should be designed and implanted (or worn) to 103 
minimize inter-aural attenuation and resulting in maximum amplification. However, for 104 
patients with bilateral BCHA, large transcranial attenuation is desired because it may be 105 
beneficial for binaural hearing (Stenfelt, 2012; Håkansson et al. 2010). 106 
The aim of this study is to investigate the mode of transcranial sound propagation 107 
for BC stimulation. Our hypothesis is that the mode of sound propagation is frequency 108 
dependent, and that a transversal wave is dominant at high frequencies (>1 kHz). 109 
 110 
 111 
2 Methods 112 
This study was approved by the Ethical Committee of Zurich (KEK-ZH-Nr. 2012-113 
0136). 114 
2.1 Sample preparation 115 
Five Thiel-fixed (Thiel, 1992) adult cadaver heads were used. The intracranial 116 
space was filled with water and remnants of brain. To maintain the pressure level of the 117 
intra-cranial fluid in the cadaver head similar to the physiological condition, a tube was 118 
attached to the skull through a hole at the superior center, and the water column inside 119 
the tube was controlled to have a height of 15 cm (Steiner and Andrews, 2006). The 120 
heads were positioned such that the posterior part of the skull was supported by a soft 121 
gel head ring (Model 4006.0200, MAQUET Medical Systems, USA), positioned on a 122 
stainless-steel table to decouple vibrations from external sources. 123 
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2.2 Measurement setup 124 
The electro-magnetic transducer from a BCHA (bone conduction hearing aid), a 125 
Baha® Cordelle II transducer (Cochlear, Australia) in particular (referred to as simply 126 
Baha or Baha transducer), was used for stimulation. In order to compare the response 127 
of the skull at multiple excitation conditions and locations, the effective stimulation force 128 
from the transducer in each condition needed to be calibrated. The dynamic stimulation 129 
forces acting on the skin (stimulation with the steel headband) were estimated using an 130 
artificial mastoid Type 4930 (Brüel and Kjær, Denmark). The stimulation forces acting 131 
on the screw attached to the skull was calibrated using a skull simulator (TU-1000, 132 
Cochlear Bone Anchored Solutions AB, Sweden).  133 
 The Baha transducer was placed either at its typical location on the mastoid, 5 cm 134 
behind the opening of the external auditory canal, or at the forehead, in the midline 5 cm 135 
above the root of the nose.  The Baha was attached to the head either using a 5-136 
Newton steel-headband (Baha headband 90138, Cochlear AG, Australia) or screw 137 
implanted in the bone. The Baha transducer was driven directly by single tone stimuli, of 138 
10 V peak in the frequency range of 0.25 – 8 kHz. For measurements with the 1D 139 
scanning laser Doppler vibrometer (SLDV), the velocity signal from the skull response 140 
and the driving signal to the BC transducer are generated and recorded at 25.6kHz with 141 
a NI PCI-4461 (National Instruments Corp., USA) integrated within a PSVW401-B data 142 
acquisition system, controlled via PSV 9.0 software (Polytec GmbH, Germany). Due to 143 
timing constrains, the 1D LDV recording was done with 40 ms sampling time (25 Hz 144 
frequency resolution), repeated and averaged in the complex domain 10 times. For the 145 
3-dimentional laser Doppler vibrometer (3D LDV) measurements, the velocity and the 146 
driving signals are recorded and generated with DS 2102 DAC and DS 2004 ADC 147 
boards, respectively, integrated within a dSpace DS1006 data acquisition system 148 
(dSpace, Germany), controlled via custom made MATLAB script (MathWorks, Natick, 149 
MA, USA). The 3D LDV recording was done with 80 ms sampling time (12.5 Hz 150 
frequency resolution), repeated and averaged in the complex domain 15 times. An 151 
overview of the block diagram of the measurement system is presented in Figure 1A, 152 
with corresponding sampling points grid, shown in Figure 1B. 153 
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Noise floor measurements were conducted for each experimental configuration by 154 
not providing a signal to the BC transducer, while keeping the corresponding 155 
experimental configuration unchanged. Data with signal-to-noise ratio (SNR) below 10 156 
dB was discarded. Additional signal quality check was done based on the signal 157 
coherence between the velocity signal(s) for each LDV and the corresponding stimulus 158 
signal. Coherence varied from 1 (for ideal coherence between the response velocity and 159 
stimulation signal at the excitation frequency) and 0 for no coherence, and data with 160 
coherence below 0.85 was discarded in further processing steps. Since the response at 161 
each frequency is recorded individually, discarding one measurement results in 162 
discarding only one of the full set of measurement frequencies, but not the whole set. 163 
The coherence calculations for the LDV measurements were done based on the 164 
complex frequency spectrum of the velocity and stimulus signals, as defined in the PSV 165 
9.0 software (Polytec GmbH, Germany).  166 
One-dimensional motions, with sensitivity along the optical axis, of the surface of 167 
the skull were measured by a SLDV (OFV-3001, Polytec GmbH, Waldbronn, Germany) 168 
system at approximately 400 points in 20×20 grid at 5 mm square pitch, evenly 169 
distributed across the superior area of the skull. The full 3-dimensional motion response 170 
of the same area was also measured with a 3D LDV (CLV-3D, Polytec GmbH, 171 
Waldbronn, Germany) at approximately 20 points in a 4×5 grid at 25 mm square pitch. 172 
The measurement point position of the SLDV was controlled via 2-axis scanning unit 173 
(OFV 040, Polytec GmbH, Waldbronn, Germany), and the distance between the SLDV 174 
and the measurement surface was set to approximately 1m, which reduces the 175 
difference in motion sensitivity direction due to variation in orientation (< ±3° for a 10x10 176 
cm measurement area) of the laser beam between measurement points. The 177 
measurement position of the 3D LDV was controlled via a custom made 3-axis 178 
positioner, which maintained identical orientation of the measurement coordinate 179 
system between points. 180 
For measurements with both LDV system types, the Z-axis was defined along the 181 
LDV optical axis oriented along the superior-inferior direction (normal to the viewing 182 
plane of the LDV camera), while the X- and Y-axis where oriented along the lateral-183 
medial (left-right) and anterior-posterior directions (horizontal and vertical, in viewing 184 
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plane of the LDV camera), respectively, as shown in Figure 2A. The measurement area 185 
covered the superior section of the scull, approximately ~100×100mm. Table 1 gives an 186 
overview over the measurements done on each head. Due to time and availability 187 
constraints, not all measurements were done on each head. In general, measurements 188 
where done in two major stages. In the first stage, 1D velocity data with high spatial 189 
resolution (~5mm pitch), measured with the 1D SLDV, was obtained from 3 heads 190 
(head 1-3). In the second stage, velocity data with lower spatial resolution (~25mm 191 
pitch) but along all 3 orthogonal directions, measured with the 3D LDV, was obtained 192 
from 2 heads (head 4 and 5), where for head 4 three different surface conditions were 193 
measured. 194 
 195 
 196 
 197 
2.3 Surface wave propagation speed calculation 198 
The propagation speed of the surface waves, , was estimated based on the 199 
period time, 	, of the excitation signal, and the wavelength, 
, defined as the 200 
circumferential distance between two neighboring nodes, along the propagation 201 
direction, in the phase map as follows: 202 
 203 
 = 
	 = 	 = 2	( 2⁄ )	  (1) 
 204 
, where  is the straight line distance (projected onto the viewing plane of the LDV 205 
camera) between two neighboring nodes in the wave pattern, and  is the approximate 206 
radius of the skull (approximated as a sphere). Note that , the angle corresponding to 207 
the arc length 
, is in radians. An example phase map, depicting a typical wave pattern 208 
of skull vibration at 8 kHz, and the corresponding graphical definition of the 209 
aforementioned parameters are shown in Figure 2 A and B. 210 
 211 
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2.4 Intrinsic coordinate system at each measurement point 212 
  While the data from the 3D LDV completely defines the motion of each 213 
measurement point, the measurement (LDV) coordinate system is oriented somewhat 214 
arbitrary to the skull surface. In order to define the data in an anatomically relevant 215 
coordinate system, the local surface normal and tangents at each measurement point 216 
has been chosen to define a local intrinsic coordinate system (Khaleghi et al., 2015). 217 
This provides the means to express the velocity in terms of tangential and normal 218 
components, which directly describe the longitudinal (in-plane deformation) and 219 
transverse (our-of-plane deformation) motion locally, at each measurement point on the 220 
skull surface. 221 
Figure 2C illustrates the relation between the two measurement systems used in 222 
this work: 1) the measurement (LDV) coordinate system, defined by the ,   223 
(perpendicular to the LDV optical axis) and   (along the LDV optical axis) unit vectors, 224 
oriented along the , 	and  axes, respectively ; and 2) the intrinsic (local, anatomical) 225 
coordinate system, defined by the  ̂ (surface normal), "̂ ( 1st surface tangent 226 
component) and # (2nd surface tangent component) unit vectors, along the	 , "	and # 227 
axes, respectively (see Figure 2 A and C). The two surface tangent unit vectors "̂ and # 228 
lie on a plane tangential to the skull surface at each measurement point. The spatial 229 
transformation from the measurement to intrinsic coordinate system can be defined with 230 
a single rotation matrix using two pieces of information: 1) the angle $ between the Z 231 
and  ̂ unit vectors, defined as the & of their dot product (assuming $ <90deg, 232 
where $ = 90deg corresponds to the LDV laser beam being parallel to the measurement 233 
surface); and 2) the unit vector, K(, of the axis of rotation, defined as the cross product 234 
between the Z and η* unit vectors (Khaleghi et al., 2015). This information is sufficient to 235 
uniquely define and apply the Rodrigues’ rotation formula (Rodriguez, 1840), which 236 
defines a rotational matrix around an arbitrary axis of rotation. 237 
The surface normal unit vector,  ̂, unique for each measurement point, is obtained 238 
from the shape of the skull, which in turn is approximated by fitting a 2-D surface (using 239 
2nd order 2 variable polynomials) to the point cloud, representing the measurement 240 
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points’ positions. The fitting was done using the MATLAB function “fit” (MATLAB 2016a, 241 
MathWorks, Natick, MA, USA).  242 
Within the rest of this work, the motion components of the intrinsic (local) 243 
coordinate system are referred to as follows: the motion component along the surface 244 
normal unit vector  ̂ is referred to as “normal” component or +, component; the motion 245 
components along the unit vectors of the surface tangents, "̂, and #, are referred to as 246 
“tangent” components when referred to collectively, or as +- and +. components, when 247 
referred to individually; the motion components of the LDV (measurement) coordinate 248 
system are referred to as +/, +0, and +1 components. The orientations of the two 249 
tangent unit vectors "̂ and #, as defined by within this work, are not related to the 250 
traditionally defined surface tangent and binormal, which are oriented in the direction of 251 
highest slope of the measurement surface at the measurement point. Within the context 252 
of this work, the direction of the surface tangent unit vectors "̂ and # is solely defined by 253 
the direction of the surface normal relative to the optical axis of the measurement 254 
system. However, for the purpose of the discussions within this work, the specific 255 
orientations of "̂ and # unit vectors are ignored, as the individual contribution of the 256 
corresponding motion components +- and +. is not of interest but only the magnitude of 257 
their collective contribution, expressed as the combined surface tangent motion 258 
component +2 (defined in section 2.6). 259 
 260 
2.5  Rigid body motion fit 261 
The bone conduction induced motion at each point of a cadaver head can be 262 
approximated as a combination of two spatial “modes” of vibration (Stenfelt, 2011): 1) a 263 
pure rigid body motion (RBM), representing the bulk spatial motion of the whole head, 264 
with no relative motion (deformation) between individual points; and 2) motion resulting 265 
in local deformation, due to relative motion between individual points of the skull bone. 266 
In order to differentiate between the two, we estimated the amount of difference 267 
between the measured motion at each point and the predicted motion based on pure 268 
RBM of the whole head. The RBM was estimated as a mathematical fitting of the 269 
measured motions of all points. The mathematical fitting was based on the relation 270 
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between the RBM, expressed as a 6-component (3 translational and 3 rotational 271 
components) velocity vector 34, and the motion of single point, expressed as a 3-272 
component (3 translational components) velocity vector v6, defined as follows (Sim et 273 
al., 2010): 274 	v6 = B634 (2) 
with B6 = 81 0 0 0 z< −y<0 1 0 −z< 0 x<0 0 1 y< −x< 0 @  and 34 = A3BCD = EFG
FHvBIvBvBJωIωωJLFM
FN
, 275 
where 3B and C indicate vectors for the translational and the rotational velocity of 276 
the rigid body (specifically the origin point &), and (x<, y<, z<) are the coordinates of the 277 
point m in the measurement frame. To determine the six rigid-body motion components, 278 
at least three non-collinear points need to be measured. Since the measurements of the 279 
vibrational motion were performed at ~20 points with the 3D LDV system and ~300-400 280 
points with the SLDV system, Eq. 2 is used to set an over-defined system of equations, 281 
which can be solved for the vector 34 by the method of least squares error as:  282 	34 = (PQP)RS(PQ3T) (3) 
 283 
with 3T = U(vS)<(vV)<…(vX)<Y , and P = U
(BS)<(BV)<…(BX)<Y. 284 
Once 34 is calculated from Eq. 3, it can be plugged back into Eq. 2 giving a predicted 285 
motion v′6 of each point, based on the RBM fit, 34. The difference between the 286 
predicted (calculated) motion, v′6, and measured motion v6 can be then calculated at 287 
each point.   288 
While the 3D LDV measurements provides all 3 motion components (+/, +0, and 289 +1) at each measurement point, the SLDV system provides only 1 motion component 290 
(+1). The 1D data of the SLDV can be still used for the partial calculation of the RBM 34, 291 
defining only one translational component vBJ (motion along the  axis of the 292 
measurement system) and 2 rotational components ωI and ω (rotation around the  293 
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and   axes of the measurement system), based on Eq. 3. Similarly, Eq. 2 produces a 294 
predicted (calculated) motion, v′6, with only one translational component along the  295 
axis of the measurement system. 296 
The average difference, across measurement points, between the calculated 297 
“pure” rigid body motion and the measured motion, is used as a metric to approximate 298 
the extent to which the cadaver head undergoes pure rigid body motion only, or local 299 
deformation as well. This average difference is normalized to the average motion of all 300 
points, in order to scale its significance relative to the observed motion. The normalized 301 
average RBM difference, ∆v4, can be expressed as: 302 
∆v4 = \|∆^6|	|^6|______	 `___________ = \|〈v6 − v′6〉|	|〈v6〉|________	 `___________________ (4) 
In the numerator, ∆^6 is the combined spatial vector (based on Eq. 8, Section 2.7) of 303 
the vector difference between the measured velocity, v6, and predicted v′6 velocity at 304 
each point c, reversely calculated based on the rigid body motion 34. In the 305 
denominator, ^6 is combined spatial vector, based on Eq. 8, of the measured velocity 306 v6 at each point c. The operator def  indicates the geometric mean of the set of  307 
numbers dg,ghS..X, the operator |d| indicates the magnitude of the complex number d, 308 
and the operator 〈d〉 indicates the combined spatial motion vector of the 3-element 309 
velocity vector d. Based on these definitions, it should be noted that while v6 and v′6 310 
are 3-element vectors (each element is a complex number), the numerator and 311 
denominator are positive real numbers, and so is ∆v4. In the case of 1D data from the 312 
SLDV system, v6 and v′6 have only a single velocity component (i.e., +J), making the 313 
conversion to spatial vectors (via the operator 〈d〉) redundant and is thus omitted. 314 
A value of ∆v4 close to or above 1 (0 or positive values in dB scale) would indicate 315 
a significant difference between the estimated rigid body motion 34 and the measured 316 
velocity v6 at all points. A value of ∆v4 sufficiently smaller than 1 (negative values in dB 317 
scale), would indicate a close fit between the estimated rigid body motion 34 and the 318 
measured velocities v6 at all points. 319 
 320 
 321 
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2.6 Combined spatial motion vector 322 
Since the 3D LDV provides all 3 Cartesian componets of the motion at each 323 
measurement location, the magnitude and phase of the total (combined) motion, j, was 324 
calculated as the sum of the ortogonal vectors, +I, +, and +J, representing the 3 325 
measured motion components, as follows: 326 
 327 j(") = +(")k(") = 	+I(")l + +(")n + +J(")o (5) 
 328 
, where k is the instantaneous spatial unit vector of j (representing the instantaneous 329 
spatial direction of motion), and + is the instantaneous magnitude of j (representing the 330 
instantaneous speed). The unit vectors l, n, and o are in the , , and  axes in 331 
measurement (LDV) coordinate system, but can also equally represent the unit vectors 332 
in the  , ", and # axes, corresponding to +,, +-, and +. motion components defined in 333 
intrinsic (local, anatomical) coordinate system. In this case, the	j, +, k remain 334 
unchanged, as they are defined by the motion at each measurement point and not by 335 
the choice of coordinate system. The parameters j, +, k, +/, +0, and +1 are a function 336 
of time and have their corresponding magnitude and phase. Assuming that the 337 
measured motion is harmonic, the Cartesian motion components, +g, where  = , ,  338 
for measurement coordinate system ( =  , ", # for intrinsic coordinate system), can be 339 
expressed as a function of an angular frequency, p, time, ", and phases /, 0, and 1, 340 
respectively, as follows: 341 +g(") = |+g| cos(p" + g) (6) 
 342 
Using Eqs. (5) and (6), the instantaneous magnitude, +, of the combined spatial vector 343 
can be expressed as: 344 
+V = +(")V = t |+g|V cosV(p" + g)gh/,0,1	  (7) 
 345 
Eq. (7) can be transform in the final form: 346 
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+(")V = 12 u t |+g|Vgh/,0,1	 +vdV + wV&(2p" + 2)x
V
 
(8) 
where: 347 
d = t |+g|V cos(2g)gh/,0,1	  
(9) w = t |+g|V sin(2g)gh/,0,1	  
tan(2) = wd 
 348 
Based on Eq. (8) it should be noted that, even though the instantaneous magnitude of 349 
each of the individual Cartesian components becomes zero during a vibration cycle, the 350 
magnitude, +, of the combined spatial vector j does not, unless the phases I, , and 351 J are the same or have multiples of } difference between each other.  352 
Equations 5 - 9 can be applied in analogues manner in the intrinsic coordinate 353 
system (defined in Section 2.4), with the 3 orthogonal velocity components consisting of 354 
a normal and two tangent velocity components. While the directions of the tangent 355 
components are defined uniquely at each point, their orientation in the tangent plane at 356 
each point could vary between points. However, in order to establish the contribution of 357 
the tangent velocity components relative to the normal velocity component, the 358 
individual contributions from the +- and +. components are disregarded, and only the 359 
contribution from their combined motion, +2, is considered. The instantaneous 360 
magnitude of the combined tangential motion, +2, is calculated by plugging the two 361 
tangential components, +- and	+., into the Eq. 8, while omitting the 3rd motion 362 
component. 363 
 364 
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3.1  Force calibration for implant and steel headband attachment  366 
In order to study the response of the cadaver heads to different excitation 367 
conditions (location, attachment type), while accounting for differences in the force 368 
output level of the Baha under each corresponding condition, all velocity measurements 369 
have been normalized to the corresponding estimated output force from the Baha 370 
transducer. This required the estimation of the Baha impedance for each of the two 371 
attachment conditions used throughout our measurements: 1) Baha attached 372 
transcutaneously to the skull via a screw implant; 2) Baha held against the skin via a 5-373 
Newton steel-headband. 374 
The frequency dependence of the force output per unit of driving voltage of the 375 
Baha transducer, for stimulation via a steel headband, was calibrated on an artificial 376 
mastoid, which in turn conformed to the IEC 60318-6:2007 standard. The mechanical 377 
impedance of the artificial mastoid was calibrated with a shaker and impedance head 378 
(Type 4810 and 8000, respectively, Brüel and Kjær, Denmark). The frequency 379 
dependence of the force output of the Baha transducer, for stimulation via an implant 380 
(screw), was calibrated via a skull simulator (TU-1000, Cochlear Bone Anchored 381 
Solutions AB, Sweden), with a calibration curve of the skull simulator provided by the 382 
manufacturer. Note that these calibration methods account for only the one of the six 383 
components of the force output of the Baha transducer, namely a force normal to the 384 
attachment surface. The effects of the other 5 components (2 tangential forces and 3 385 
torsional moments) produced by the Baha transducer are assumed to be negligible. 386 
Additionally, these calibration methods do not account for possible effects on the Baha 387 
force output due to local point impedance variations across different stimulation points 388 
on the skull (Stenfelt and Goode, 2005 (a)). 389 
 Figure 3 shows comparison between the force output (both magnitude and phase) 390 
of the Baha transducer when supported via an implant (screw) and steel headband. The 391 
responses are similar (within 5dB) at low frequencies (below 400 Hz), however, the 392 
implant attachment condition allows for higher (10-20 dB) force output per unit of 393 
excitation voltage at higher frequencies, particularly above 2 kHz. Both attachment 394 
conditions provide similar phase delay between input voltage and output force, with an 395 
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average slope of 0.5 cycle/decade, with higher slopes around the first natural frequency 396 
of the transducer at each attachment condition, namely 420 Hz for steel headband and 397 
550 Hz for implant support.  398 
 399 
3.2 Surface wave propagation 400 
Figure 4 shows magnitude and phase maps of the velocity of the surface of the 401 
skin or skull in three cadaver heads (bare skull in Head 1, and skin covered skulls in 402 
Head 2 and 3) stimulated via the Baha transducer, attached via an implant anchored at 403 
the mastoid. Such high spatial resolution (~5mm pitch) data was obtain only for head 1-404 
3, but not for 4-5. The velocities have been normalized by the force response of Baha 405 
transducer, as shown in Figure 3. Spatial gradients of the phase map data indicate the 406 
gradual transition from rigid-body vibration at low frequencies (below 1 kHz) to traveling 407 
waves at higher frequencies (above 2 kHz). Based on the phase maps at 6-8 kHz, and 408 
methods explained in Section 2.3., the speed of wave propagation is estimated in the 409 
range of 450-500 m/s, based on data from heads 1-3.  410 
The spatial pattern distribution of both the magnitude and phase maps changes 411 
from simple, with only 2 local maxima within the recorded area (~10×10cm), at low 412 
frequencies (below 1 kHz), to more complex one with multiple (>5-10) local maxima at 413 
higher frequencies. Based on a representative RBM fit for Head 3 (last column of figure 414 
3), the average difference between RBM fit and measured data is small (∆v4 < 10	w) 415 
relative to the average measured motion at low frequencies (0.5-1kHz), indicating a 416 
predominantly rigid-body-like motion pattern. This is confirmed through comparison 417 
between the measured and RBM estimated motion of Head 3, indicating qualitative 418 
similarities in the spatial distribution of the magnitude and phase maps at 0.5 kHz. At 419 
higher frequencies (6-8 kHz) the RBM fit error increases to approximately (∆v4 ≈ 0	w) 420 
as much as the average measured motion itself, and the motion phase pattern indicates 421 
local transverse deformation with travelling waves. The traveling waves originate from 422 
the stimulation point (marked with a dot in the last row of figure 4) and propagate 423 
contra-laterally, as indicated by arrows in the bottom row of figure 4.  424 
 425 
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3.3 Implant vs. headband stimulation at mastoid and forehead 426 
The motions of the skull for stimulation at the mastoid, with Baha transducer 427 
attached via either headband or screw, are displayed in figure 5 for 0.5, 2 and 8 kHz. 428 
The spatial distribution of the magnitude and phase patterns are similar with lower (5-429 
10dB) magnitude levels for the screw attachment. This indicates that stimulation on the 430 
skin results in a similar wave propagation pattern as stimulation directly on the bone. 431 
The average RBM fit difference ∆v4 is approximately -9dB at low frequencies and 0dB 432 
at high frequencies, relative to the corresponding average measured motion.  433 
Figure 6 shows the magnitude and phase maps of the vibration response of the 434 
skin surface covering the skull of Head 2, with Baha stimulation at the forehead via 435 
either headband or screw attachment. In both attachment conditions, rigid-body-like 436 
motions, with an average normalized RBM fit difference ∆v	of approximately -8 to -7 dB, 437 
were dominant at low frequencies, below 1 kHz, while local transverse (approximately 438 
normal to the skull surface) deformation patterns with traveling waves were observed at 439 
high frequencies, above 2 kHz. A complex motion was observed between 1 – 2 kHz 440 
possibly consisting of a mixture of motion modes. Similar to the case of mastoid 441 
stimulation (Figure 5), the spatial pattern of both magnitude and phase maps changes 442 
from simple, with only 1-2 local maxima within the measurement area (~10×10cm), at 443 
low frequencies (below 1 kHz), to a more complex pattern (> 3 maxima) above 2 kHz. 444 
However, both the magnitude and phase patterns for stimulation of the forehead are 445 
rotated 90-120 degrees relative to the corresponding data for stimulation on the 446 
mastoid, which is consistent with the change in excitation position. Travelling wave 447 
patterns at high frequencies are also similar in spatial pattern for the two stimulation 448 
positions, however direction of propagation is from anterior to posterior, for forehead 449 
stimulation, as opposed to ipsi- to contra-lateral, for mastoid stimulation. In general, the 450 
direction of the travelling waves was along the circumference passing through he 451 
stimulation point. 452 
 453 
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3.4 3D motion components of surface wave propagation 454 
The 3D motion components of the surface wave propagation were measured for 455 
stimulation on the mastoid with the Baha actuator attached to a screw anchored in the 456 
skull in two heads. Measurements were done directly on the skulls surface by removing 457 
the skin on and around the measurement area. A total of 15-20 points were measured 458 
resulting in a reduced spatial resolution (25 mm vs. 5 mm pitch) compared to the 1D 459 
SLDV data.  460 
Figure 7 shows the magnitude and phase of the +/, +0, and +1 components of the 461 
velocity data in LDV coordinate system, as well as the normal and combined tangent 462 
(see section 2.6 for definition) components, +, and +2, in the intrinsic (local) coordinate 463 
system.   464 
The motion pattern at low frequency (250Hz) indicates an average +/ magnitude 465 
approximately 10 dB higher than +0, and +1 components in LDV coordinate system. 466 
This is consistent with a combined tangent component +2 being 10 dB higher than the 467 
normal component +, and the same frequency.  The approximately uniform spatial 468 
distribution of both phase (spatial slopes of 5-10 deg/cm) and magnitude (3-5 dB 469 
variation across the measurement area) of +2 and +/, indicate predominant (∆v4 = - 470 
16dB) rigid-body-like motion consisting of translational motion directed approximately 471 
along the X-axis of LDV coordinate system (left-right relative to the cadaver head), 472 
coinciding with the direction of excitation of the Baha. The slight spatial variation in both 473 
magnitude and phase could be explained by considerable rotational components 474 
around the Y and Z axis indicated by the RBM fit. 475 
The motion pattern at high frequencies (4 kHz) has a predominant (5-7 dB higher 476 
than other components) normal component, approximately oriented along the Z-axis in 477 
LDV coordinate system (out-of-plane relative to the figure plane). Spatial patterns show 478 
a non-uniform distribution for both phase (spatial slopes of 30-50 deg/cm) and 479 
magnitude (15-20 dB variation across the measurement area), indicating local 480 
deformations and traveling waves, emanating from the stimulation location and traveling 481 
circumferentially in contra-lateral direction. Estimated waves speeds are approximately 482 
500-700m/s, consistent with estimations based on the 1D SLDV data. Differences in the 483 
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estimated waves speeds, based on the SLDV and 3D LDV data, could be attributed to 484 
the lower spatial resolution of the 3D LDV data relative to the SLDV, possibly resulting 485 
larger errors when estimating the wavelength. Overall, the measured magnitude and 486 
phase maps (figures 4-6) are qualitatively comparable in spatial distribution between the 487 
two velocity measurement methods. 488 
 489 
3.5 Contribution from normal and tangent motion components 490 
By averaging each motion component in the intrinsic frame (one combined tangent 491 
and one normal component) across all points and normalizing it by the corresponding 492 
average of the combined motion vector of all 3 components, the relative contribution of 493 
each component is calculated, at each individual frequency, in figure 8 (left). The data in 494 
figure 8 includes averaged (geometric mean) and individual data of measurements on 495 
two heads, Head 4 and Head 5, where Head 4 is measured in 3 conditions: 1) intact 496 
skin covering the skull; 2) skin is perforated (<5mm diameter) and exposing the bone at 497 
the measurement points, while left intact in all other locations; and 3) skin is completely 498 
removed from the skull within the measurement area (~10×10 cm). Data for Head 5 499 
includes only the condition, where the skin is completely removed from the skull within 500 
the measurement area.  Additionally, figure 8 (right) includes the average normalized 501 
RBM fit difference, ∆v4 for each head (and corresponding skin condition) and 502 
stimulation frequency, show as both individual and averaged (geometric mean) data.  503 
Data in figure 8 (left) shows that at low frequencies (0.25-0.5 kHz) the combined 504 
tangent component +2 is 5-15dB higher than the surface normal component +,, while at 505 
higher frequencies, their contribution is comparable with the surface normal  +, being 2-506 
5 dB larger. The transition between the two modes of motion happens at approximately 507 
600-800Hz. Based on figure 8 (right), the low frequency (0.25-0.5 kHz) motion of the 508 
measured skull surface could be approximated as RBM, with an average error 10-30dB 509 
smaller than the averaged measured motion. However, at higher frequencies (above 2 510 
kHz) the average RBM fit error becomes considerable, becoming within less than 5dB 511 
of the average motion.  512 
 513 
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4 Discussion 514 
4.1  Surface wave pattern and propagation speed 515 
In principle, the spatial distribution of the velocity pattern, across the skull 516 
surface, could be a result of multiple vibration modes, each with a different wavelength, 517 
existing simultaneously at a single excitation frequency (McKnight et al., 2013). 518 
However, phase maps at high frequencies show consistent spatial periodicity in both 519 
direction and location, suggesting negligible effects of potential anisotropy of the skull 520 
structure or inhomogeneity in the bone’s material properties. 521 
At low frequencies (<1 kHz), surface velocity data in all cadaver heads, acquired 522 
with either the SLDV or the 3D LDV systems, indicate motion similar (in both magnitude 523 
and spatial distribution) to RBM (∆v4 from -30 to -10 dB), consistent with “mass-spring 524 
system” behavior previously reported in (Stenfelt and Goode, 2005 (a)). The 3D LDV 525 
system data indicate predominant longitudinal displacements (tangential to the skull 526 
surface), and no clear traveling wave patterns (Khalil et al., 1979; Håkansson et al., 527 
1994).  528 
At high frequencies (6-8 kHz), there are predominantly local transversal (normal 529 
to the skull surface) deformations (possibly bending) with traveling wave components, 530 
with estimated velocities of around 450-500m/s, starting at the Baha stimulation location 531 
and propagating along the skull surface circumference. The estimated propagation 532 
speeds correspond to a trans-cranial time interval of 0.4 ms at 8 kHz, consistent with 533 
previous observations (Stenfelt, S. and Goode, 2005 (b); Khalil et al., 1979; Håkansson 534 
et al., 1994; Tonndof and Jahn, 1981).  In the mid frequency range (1-3 kHz) a complex 535 
motion was observed, possibly consisting of combination of both standing and traveling 536 
waves (Stenfelt and Goode, 2005 (a)). 537 
 538 
4.2 Stimulation location and attachment type 539 
Stimulation at either the mastoid or the forehead, with attachment via implant 540 
screw, produces comparable surface velocity, normalized by the excitation force, with 541 
similar spatial absolute values (within 5dB on average) and distribution of both 542 
magnitude and phase at each measurement frequency. Travelling wave patterns at high 543 
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frequencies (6-8kHz) are also qualitatively similar in spatial pattern, however direction of 544 
propagation is changed in accordance with the stimulation location.  545 
In the case of forehead stimulation (figure 6), both screw and headband 546 
attachment type show qualitatively similar spatial distribution of the magnitude and 547 
phase maps at all frequencies. By accounting for the force output calibration of each 548 
attachment type, the absolute levels and ranges of the velocity response (admittance) 549 
are very similar (within 3-5 dB on average) at low (0.5 kHz) and mid frequencies (2 550 
kHz), with larger differences (10-15 dB on average) at higher frequencies (8 kHz), in 551 
agreement with previous studies (Stenfelt and Håkansson, 1999). The deviations at 552 
higher frequencies could be explained by the attenuation of the mass-spring system that 553 
the skin and the headband form, which may not have been replicated sufficiently 554 
precise with the artificial mastoid calibration procedure. The variability of the input force 555 
of headband supported Baha at both the mastoid and the forehead, could potentially be 556 
reduced by a more accurate estimation of the input force and mechanical point 557 
impedance, individually for each head, attachment type and stimulation location, via 558 
direct measurements of the acceleration at the attachment point of the Baha and 559 
knowing the Baha transducer’s effective moving mass, similar to (Stenfelt and Goode, 560 
2005 (a)).  561 
Regardless of the Baha attachment condition and stimulation location, the 562 
direction of propagation of the surface waves at high frequencies originated from the 563 
stimulation location and traveled circumferentially along the diameter, as can be seen 564 
with the phase patterns at high frequencies (8kHz) in Figures 5 and 6. While there were 565 
no visible traveling waves, but rather RBM-like displacements, the phase and 566 
magnitude distributions at lower frequencies (0.5kHz) were also affected by the 567 
stimulation location. This appears to cause the approximate alignment of the direction of 568 
the predominant spatial gradients, of both the magnitude and phase patterns, with a 569 
circumference passing through the stimulation location, similarly as the surface wave 570 
propagation direction at high frequencies. 571 
While the analysis and observations of attachment method (headband vs. screw) 572 
and stimulation location (mastoid vs. forehead) were done on only head 2, due to time 573 
and resources constraints, we believe that these observations would hold for other 574 
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cadaver heads under similar conditions, because head 2 showed quantitatively similar 575 
wave propagation speeds and qualitatively similar motion patterns (based on qualitative 576 
comparison of the phase and magnitude maps in Fig. 4 and 7) as the other 4 heads 577 
under similar stimulation conditions. 578 
 579 
 580 
4.3  3D motion response 581 
Similar to the 1D motion data of the SLDV, the spatial distribution of all motion 582 
components (in both LDV and intrinsic coordinate systems, see Figure 7) recorded by 583 
the 3D LDV system, indicates rigid-body-like motion at low frequencies (< 1 kHz) and a 584 
spatially complex motion with local deformations, predominantly along the surface 585 
normal, at higher frequencies (4-8kHz), consistent with observations in dry skulls with 586 
both LDV systems (McKnight et al., 2013) and time-averaged holographic systems 587 
(Ogura, et al. 1979; Hoyer and Dörheide, 1983)  . A complex motion was observed 588 
between 1 – 2 kHz possibly likely consisting of comparable amounts of RBM-like and 589 
local transverse deformation, indicating a “transition” frequency region, also shown by 590 
other research (Stenfelt and Goode, 2005 (a)). While the normal components are 591 
predominant at high frequencies, tangent components show local maxima with 592 
comparable or even equal magnitudes, suggesting a combination of bending and 593 
compression at the skull surface in some regions, with the combination of traveling 594 
waves, consistent with previous observations in dry skulls (Khalil et al., 1979), cadaver 595 
heads (Stenfelt, S. and Goode, 2005(a)), and live humans (Håkansson et al., 1994).  596 
The use of intact cadaver heads in this study, prohibits the direct measurement 597 
of the relative motion between the outer and inner surface of the skull, which leaves an 598 
ambiguity in the distinction between skull bending and compression in the transverse 599 
(normal) direction relative to the skull surface. However, while previous research, with 600 
transient excitation on dry skulls (Trnka et al., 2004), have shown evidence of 601 
transverse (along the skull thickness) compression at the onset of the fast waves 602 
propagation, studies on the steady state dynamic response of the skull have shown no 603 
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significant differential motion between the inner and outer surface of dry skulls 604 
(McKnight et al., 2013), suggesting predominantly bending motion. 605 
The phase maps of the 3D motion data (figure 7) indicates rigid-body-like motion 606 
pattern, consisting of both of translational and rotational components, at low frequencies 607 
(<1 kHz) and local deformations with travelling waves above 2 kHz. The traveling wave 608 
pattern is predominant in the surface normal component (transverse waves), but it is 609 
also visible in the tangent components (compressional waves), but with 7-10 dB lower 610 
magnitudes of skull deformation. The lower spatial resolution of the 3D measurements, 611 
with 25 mm pitch of the measurement point grid versus 5 mm pitch for the SLDV, makes 612 
for a more difficult wave speed estimation, based on the method described in section 613 
2.4. However, the average spatial slopes (30-50 deg/cm) of the phase maps at 4 kHz 614 
indicate corresponding wave speed in the order of 500-700 m/s, which is comparable to 615 
estimates of 450-500 m/s from the 1D SLDV data and the 250-400 m/s reported in 616 
literature (Khalil et al., 1979; Håkansson et al., 1994; Tonndof and Jahn, 1981).  It 617 
should be noted that the propagation velocity, for bending waves in shell-like structures 618 
(as the measured area of the superior section of the cranial vault), is dependent on 619 
multiple parameters, including but not limited to excitation frequency, thickness, 620 
structure and material properties of the bone, thus it could vary between specimens. 621 
This could account for some of the variability in the estimates for propagation speed 622 
based on the 1D SLDV and 3D LDV data in this study and other studies. 623 
 624 
4.4 Individual and combined contribution of all motion components 625 
Overall, the data in the intrinsic coordinate frame has similar values (within 3-5 dB) 626 
and spatial distribution as in the LDV frame, which is due to the low variation (less than 627 
±20 deg) of angle between the surface normal and the optical axis (Z-axis) of the LDV 628 
across the measurement area. Analogically, the magnitude and phase pattern at high 629 
frequencies (4-8 kHz) is similar between the 3D LDV and SLDV, due to the predominant 630 
surface normal component of motion. However, the two measurement methods show 631 
significant differences (10-15 dB) at low frequencies (< 1 kHz), particularly between the 632 
combined motion of the skull based on the 3D velocity data and the SLDV motion 633 
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component (equivalent to Z-axis component of the 3D LDV), due to the significant 634 
tangent motion component, which is not captured by the 1D SLDV system. 635 
Spatial motion data (Figure 8) for all cadaver heads and conditions (i.e., skin 636 
covered, perforated skin, bare skull) indicate 5-10 dB higher motion in the tangent 637 
directions, indicated by +2, at frequencies of 500 Hz and lower, in agreement with the 638 
RBM fit indicating a predominant +/ component, approximately aligned with the surface 639 
tangent. At frequencies above 1kHz the motion component +,, along the normal 640 
direction, becomes predominant (3-5 dB higher). However, while lower, the contribution 641 
of the combined tangent component +2 at the higher frequencies is comparable to the 642 
normal component +,, which is indicative of spatially complex non-rigid body motion, 643 
consistent with local deformations (bending), and a combination of transverse and 644 
compression traveling waves. 645 
The cross-over (“transition”) frequency (Stenfelt, 2011), at which the transition 646 
between the two modes of vibration occurs, is estimated at around 500-800Hz (based 647 
on Figure 8), which is consistent with previous findings based on measurements of both 648 
dry (Khalil et al., 1979; McKnight et al., 2013) and gel-filled skulls (Franke, 1956).  It can 649 
be also noticed that the cross over frequency (~500Hz) for skin covered Head 4 (Figure 650 
8 Left) is lower than for the case of Head 4 with punctured skin (700 - 800Hz, or bare 651 
skull Head 4 and Head 5, indicating a possible effect of the skin at the measurement 652 
point, providing additional vibrational mass. This is consistent with the impedance 653 
dominated resonance frequency of the skull at 400Hz and the global skull resonance at 654 
800-1000Hz described in (Stenfelt, 2011). The decrease of the cross-over frequency 655 
could also be explained with the increase of the effective vibrational mass due to the 656 
skin, as indicated in previous studies comparing motions of a gel-filled versus dry skull 657 
(Franke, 1956). However, the precise and definite estimation of the cross-over 658 
frequency and its dependence on the cadaver head condition would require 659 
measurements at more frequencies and more samples that in the current study. Overall, 660 
the skin surface motion components (Figure 8 Left) show a flatter (smoother) frequency 661 
response than the skull surface motion components, possibly due to higher material 662 
damping of the skin relative to the skull bone (Tjellström et al., 1980). 663 
 664 
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5 Conclusions 665 
The results of this study show that regardless of the stimulation location, namely at 666 
mastoid or forehead, the mode of sound propagation from the Baha transducer across 667 
the skull is primarily as a rigid-body-like motion of the whole skull at low frequencies, 668 
and as traveling waves, resulting in local transverse (along the surface normal) 669 
deformation of the skull surface, at high frequencies (> 4 kHz). Sound propagation for 670 
stimulation with Baha transducer attached via steel headband is similar to that for 671 
attachment via implanted screw, provided that the corresponding applied forces are 672 
calibrated for. 673 
The 3D velocity measurements confirmed the complex spatial and frequency 674 
dependence of the response of the cadaver heads indicated by the 1D data from the 675 
scanning LDV system for measurements on the bone and on the skin covering the 676 
bone. A higher resolution for 3D velocity measurements is desirable to get a more 677 
comprehensive understanding of spatial motion of the head due to bone conducted 678 
sound. 679 
  680 
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 792 
Tables 793 
Table 1. Overview of LDV measurement types, locations, and corresponding stimulation 794 
conditions for each cadaver head used in this study. Abbreviations within the table: IM = 795 
implant (screw); HB = 5N steel headband; S = skin; PS = perforated skin; B = bone 796 
LDV type 1D 3D 
Baha® location Mastoid Forehead Mastoid 
Baha® connection IM HB IM HB IM 
Measurement surface B S S S S S PS B 
Head 1         
Head 2         
Head 3         
Head 4         
Head 5         
 797 
  798 
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 799 
Figure Captions 800 
Figure 1. A) Block diagram of the measurement system. B) Measurement grid at the 801 
superior part of the skull. Inter-position distance for the scanning LDV were about 5 mm, 802 
while measurement points for the 3D LDV were about 25 mm apart, both covering an 803 
area of approximately 100×100mm. 804 
 805 
Figure 2. Illustration of the geometrical nomenclature used for the definition and 806 
calculation of: A) and B) surface wave speed based on the estimated distance between 807 
two consecutive nodes in the phase maps; C) tangent and normal motion components 808 
within an intrinsic coordinate system defined based on the local surface normal at each 809 
measurement point. 810 
 811 
Figure 3. Mechanical impedance (in units of force/stimulus velocity) of the artificial 812 
mastoid (left), used for calibration of the output force of the Baha transducer in direct 813 
contact with the skin and supported by a steel head band (right). Corresponding force 814 
output data for screw supported Baha transducer, calibrated via a skull simulator TU-815 
1000, is included for comparison. 816 
 817 
Figure 4. Velocity response (admittance) of surface of the bone of Head 1(leftmost 818 
column), and skin of Head 2 (2nd column from left), and Head 3 (3rd column from left) to 819 
stimulation with a Baha transducer attached via screw at the mastoid. Rightmost column 820 
shows the RBM fit for Head 3 with corresponding average normalized RBM fit difference 821 ∆v4. Included are the magnitude and phase of the response for stimulation at low (0.5-822 
1kHz), medium (2kHz) and high (6-8kHz) frequencies. Direction of propagation of 823 
traveling waves at 6-8kHz are indicated in the phase maps. Color mapping, for the 824 
magnitude data is in logarithmic scale with 0 dB = 1 mm/s/N. Corresponding color bars 825 
indicate ±2 standard deviations from the data mean at each stimulation frequency. Color 826 
mapping for the phase data is in linear scale in the range of -180 to 180 deg. Spatial 827 
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axis units are mm. Approximate location of the stimulation position is marked with a 828 
circle in the lowest panels. 829 
 830 
Figure 5. Velocity response of the surface of the skin of Head 2 to stimulation with a 831 
Baha transducer attached via screw or headband at the mastoid. Included are the 832 
magnitude and phase of the response for stimulation at 0.5 kHz (top row), 2 kHz (middle 833 
row) and 8 kHz (bottom row). Indicated is the corresponding average normalized RBM 834 
fit difference ∆v4. Directions of wave propagation at 8 kHz are indicated in the phase 835 
maps. Color mapping, for the magnitude data is in logarithmic scale such that 0 dB = 1 836 
mm/s/N. The color bars ranges ±2 standard deviations of the mean at each frequency. 837 
Spatial axis units are mm. Color mapping for the phase data is in linear scale in the 838 
range of -180 to 180 deg. Approximate location of the stimulation position is marked 839 
with a circle. 840 
 841 
Figure 6. Velocity response of surface of the skin of Head 2 to stimulation with a Baha 842 
transducer attached via screw or headband at the forehead. Included are the magnitude 843 
and phase of the response for stimulation at 0.5kHz (top row), 2kHz (middle row) and 844 
8kHz (bottom row). Direction of propagation of traveling waves at 8kHz are indicated in 845 
the phase maps. Indicated is the corresponding average normalized RBM fit difference 846 ∆v4.Color mapping of the magnitude maps is in logarithmic scale such that 0dB = 847 
1mm/s/N. Corresponding color bars indicate ±2σ (standard deviations) from the data 848 
mean at each stimulation frequency. Spatial axis units are mm. Color mapping for the 849 
phase data is in linear scale in the range of -180 to 180 deg. Approximate location of the 850 
stimulation position is marked with a circle. 851 
 852 
Figure 7. All velocity components, expressed in both LDV and intrinsic coordinate 853 
systems, of the response of surface of the skull of Head 5, due to stimulation with a 854 
Baha transducer attached via a screw at the mastoid. Included are the magnitude and 855 
phase of the response for stimulation at 0.25 and 4kHz. Direction of propagation of 856 
traveling waves at 4kHz are indicated in the phase maps. Indicated on the right is the 857 
corresponding average normalized RBM fit difference ∆v4. Color mapping of the 858 
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magnitude maps is in logarithmic scale such that 0dB = 1mm/s/N. Corresponding color 859 
bars are set to include approximately ±2σ (standard deviations) from the data mean at 860 
all stimulation frequencies. Color mapping for the phase data is in linear scale in the 861 
range of -180 to 180 deg. Approximate location of the stimulation position is marked 862 
with a circle. An illustration of the anatomical and LDV coordinate systems is included to 863 
aid the data interpretation. 864 
 865 
Figure 8. Relative contribution of normal and tangential motion components (left), and 866 
the difference between a RBM and the measured motion (right) for cadaver heads 4 (3 867 
surface conditions) and 5, based on 3D LDV data. 868 
 869 
 870 
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 874 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
Signal generator and data aquasition
Baha® 
transducer
Cadaver 
head
Sound 
amplifier LDV Controller
(OFV 3001 S for SLDV
CLV 3000 for 3D LDV)
LDV Head
(OFV 040 for SLDV
CLV-3D for 3D LDV)
M
e
a
s
u
re
m
e
n
t 
p
o
in
t 
g
ri
d
Scanning LDV
24 × 24 grid, 5mm pitch
3D LDV
4 × 5 grid, 25mm pitch
A B
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
P
o
s
t.
A
n
t.
Left Right
P
1
P
2
AA’
A
X
Y
Z
LDV coordinate 
system
λ
λ
a
θ
d ≈ 14cm
P
1 P2
Section AA’
B C
X
Y
Z
α
K
η
t
b
LDV coord. sys.
Intrinsic coord. sys.
Axis of rotation
Optical 
axis
Skull surface
Surface 
normal
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
0.1 0.3 1 3
10-3
10-2
10-1
100
[N 
/ V]
Magnitude
0.1 0.3 1 3
1
1
1 -
1 -3
Magnitude
[ 
N
 /
 V
 ]
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
CH1 CH2 CH3 CH3 RBM fit
1 kHz 0.5 kHz 0.5 kHz Δv
r
= -12dB
2 kHz 2 kHz 2 kHz Δv
r
= -2dB
6 kHz 8 kHz 8 kHz Δv
r
= 0dB
M
a
g
n
it
u
d
e
 [
d
B
]
P
h
a
s
e
 [
D
e
g
.]
M
a
g
n
it
u
d
e
 [
d
B
]
P
h
a
s
e
 [
D
e
g
.]
M
a
g
n
it
u
d
e
 [
d
B
]
P
h
a
s
e
 [
D
e
g
.]
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
Mastoid Screw
8
 k
H
z
2
 k
H
z
0
.5
 k
H
z
Δ
v
r=
 -
7
d
B
Magnitude Phase
Mastoid headband
Magnitude Phase
Δ
v
r=
 -
3
d
B
Δ
v
r=
 0
d
B
Δ
v
r=
 -
1
1
d
B
Δ
v
r=
 -
1
d
B
Δ
v
r=
 0
d
B
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
Forehead Screw
8
 k
H
z
2
 k
H
z
0
.5
 k
H
z
Δ
v
r=
 -
8
d
B
Magnitude Phase
Forehead headband
Magnitude Phase
Δ
v
r=
 -
4
d
B
Δ
v
r=
 0
d
B
Δ
v
r=
 -
7
d
B
Δ
v
r=
 -
3
d
B
Δ
v
r=
 0
d
B
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
4
 k
H
z
0
.2
5
 k
H
z
V
X
V
Y
V
Z
V
η
V
T
V
X
V
Y
V
Z
V
η
V
T
25 mm -45 -20 dB (0 dB = 1 mm/s/)
25 mm -45 -20 dB (0 dB = 1 mm/s/N)
-180 180 deg
-180 180 deg
LDV 
coord. sys.
Intrinsic 
coord. sys.
Scan 
area
X
Y
Z
LDV 
coord. sys.
Baha®
A
P
R
L
I
S
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
0.25 0.5 1 2 3 4 6    8kHz
-30
-20
-10
0
N
or
m
al
iz
ed
 R
BM
 fi
t e
rro
r [d
B]
RBM fit error
 
Head 4 - Skin
Head 4 - Perf. Skin
Head 4 - Skull
Head 5 - Skull
Geometric mean
0.25 0.5 1 2 3 4 6    8kHz
-15
-10
-5
0
R
at
io
 [d
B]
 (r
e. 
to 
V c
o
m
bi
ne
d)
Normal vs tangent component contribution
 
Normal - individual data
Normal - geometric mean
Tangent combined - individual data
Tangent combined - geometric mean
Average normal and tang  mponent 
contribution [dB] re. V
combined
Average RBM fit e ror
 [dB] re. V
combined
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
Research Highlights 
• Demonstrated methodologies to measure the full three-dimensional motion at a grid of points 
across the human cadaver heads. 
• 3D Laser Doppler velocity measurements allow for analysis of the relative contribution of the 
tangent and normal motion components. 
• Motions below 1 kHz are predominantly along the surface tangent plane and are similar to 
rigid body motion. 
• Motions above 2 kHz are predominantly along the surface normal, consistent with local 
bending vibration modes 
  
